We present lateral spin-valve measurements where spin pumping serves as the spin current injection mechanism. The first electrode is excited at ferromagnetic resonance and the voltage drop between the interconnecting nonmagnetic channel and the second electrode with static magnetization is detected. We find a voltage difference of 10 nV between parallel and antiparallel magnetization alignment of the electrodes caused by spin-dependent differences in the chemical potential. The experimental value is in good agreement with a theoretical estimation of 12 nV. Our interpretation of the voltage signals is supported by simultaneous broadband-ferromagnetic resonance measurements.
I. INTRODUCTION
The motivation of research on spin electronic devices is the prospect to utilize spin currents and their additional degree of freedom. All-metal lateral spin valves are workhorses in the field of spin electronics and play an important role in spin transport. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In spin valves, spin currents can be generated, manipulated, and detected. Conventionally a spin current is created by sending a charge current through the interface between a ferromagnet and a normal metal. However, for spin logic devices it would be an important step forward if charge currents could be avoided. Besides temperature gradients [12] [13] [14] a possibility for generation of pure spin currents is the spin-pumping effect: [15] [16] [17] [18] A ferromagnet with a varying magnetization in time emits a spin current at the interface to an adjacent normal metal. Experiments to detect the spin-pumping effect use the change of the damping in the ferromagnet, 15 ,16 the spin current flowing back into the ferromagnet, 19 or the inverse spin Hall effect. [20] [21] [22] [23] Inspired by the concept of the spin battery by Brataas et al., 24 we report the detection of a pumped spin current via a second ferromagnet in an all-metal lateral spin valve. Instead of a charge current, the spin-pumping effect is used to create the spin current. Our device demonstrates fundamentally how future spin electronic devices could generate, transport, and detect pure spin currents without the direct need for charge currents.
II. THEORETICAL DESCRIPTION
For spin injection in a conventional nonlocal lateral spin valve, 5, [8] [9] [10] a charge current is driven from a ferromagnet (injector electrode, F I ) into a nonmagnetic normal metal (N ). For nomenclature see Fig. 1 . 25 At the interface ( I ) a spin accumulation is generated 2 and spins diffuse into the normal metal. A spin current decays on the length scale of the spin diffusion length λ N , and can be detected after the length L at the interface to a second ferromagnet (detector electrode, F D ) as a potential difference. The measurement signal depends on the relative orientation of the magnetizations of the electrodes. 5, [8] [9] [10] When the configuration switches from parallel to antiparallel, the voltage changes its sign. The change of sign of the detected voltage should not depend on the mechanism creating the spin current. In conventional spin valves this mechanism is driven by a charge current. We use spin pumping to create the spin accumulation. The injector electrode is brought into ferromagnetic resonance and at the interface to the normal metal a spin current is emitted, 17 ,24 see Fig. 1 . The spin accumulation μ at the injector interface I reads 24 μ =hω sin 2 θ
It depends on the magnetization dynamics of the injector via its resonance frequency ω and the precessional cone angle θ , 26 as well as the material parameters via the reduction factor η = τ i /τ N , 27 which is given by the spin injection time τ i and the spin relaxation time τ N .
Spin transport in the normal metal excited by spin pumping as injection mechanism differs from the case with a charge current. Accumulated spins in the normal metal N precess near the interface. However, due to diffusive transport, the spins dephase and at a spin precession length l ω away from the interface, only the component collinear to the static external field H , in our case the long axis of the electrodes, remains, while the perpendicular components cancel out each other, leaving a dc spin current. 19, 24 In the normal metal, the spin current decays exponentially with λ N and can thus be detected with a second ferromagnet located within this range like in conventional spin valves. However, for a reliable measurement of the nonlocal voltage, the detecting electrode F D must not be at resonance at the frequency ω used to excite the injector F I . As depicted in Fig. 1 , this is taken into account by different geometries of the injecting and the detecting electrode. This difference does not only adjust the coercive fields to realize parallel and antiparallel magnetization configurations, but also the resonance frequencies because the width of the electrodes enters Kittel's formula. 
IV. BROADBAND-FMR MEASUREMENTS
Broadband-FMR measurements are performed with a vector-network analyzer and give insight into the dynamical processes of the magnetizations of the permalloy rectangle pairs. 26 In the center region, the CPW is narrowed to achieve a higher current density in the proximity of the spin valve. With a higher current density the rf excitation field increases to μ 0 H rf ≈ 0.23 mT. This leads to a larger cone angle 26 and a higher emitted spin current, see Eq. (1).
A broadband-FMR measurement for static external fields between μ 0 H = −90 mT and 90 mT is shown in Fig. 3(a) . In the graph, black (white) corresponds to high (low) absorption. The following assignment of the modes to the different rectangle geometries is possible by performing broadband-FMR measurements of the corresponding isolated rectangles. 26 The dominating dark absorption line corresponds to the FMR mode of the short injector-type rectangles (FMR-S). 26, 30 Coming from negative external fields H , at μ 0 H = 0 the direction of the field switches, while the short electrodes retain their former magnetization direction because of their shape anisotropy. At μ 0 H = 7 mT the Zeeman energy overcomes the demagnetization energy and switches the magnetization of the short-type rectangles again parallel to the external field. The FMR mode jumps to a higher frequency.
The FMR-signal of the long rectangles (FMR-L) is weaker because the transmission scales mostly with the amount of ferromagnetic material that is excited. The long-type rectangles have 75% less volume than the short ones. For further improvement of the visibility, the mode is traced with a magenta dashed line. The switching field of the long electrodes is found to be at 40 mT. Hence, in the field range between 7 mT and 40 mT all rectangle pairs are in an antiparallel magnetization configuration. This field range is marked with a cyan overlay in Fig. 3 . Also visible are spin wave modes of the short-type rectangles (SW-S), sharing the switching field of FMR-S. The spin wave modes SW-S are very faint in the field region where short and long rectangles are aligned antiparallel. They get considerably stronger when the long electrodes switch again to parallel at μ 0 H = 40 mT. This implies that in the parallel configuration the long rectangles precess not only on their eigenfrequency but also on the frequency of the spin wave modes of the short rectangles. 30 It is important to note that besides this feature no coupling of modes is visible. 26 Explicitly at frequencies and fields, which are used for the spin-pumping measurements no interaction between injector and detector is observed.
With the FMR measurements, two distinct frequencies can be chosen for spin-pumping experiments: first, a frequency f meas at which the resonance of the injector is met twice: once in parallel, and again in antiparallel configuration, see Fig. 3(a) , red dashed line; second, a reference frequency f ref for which no resonance is met in the entire field region, Fig. 3(a) , blue dashed line. In Fig. 3(b) single FMR spectra for frequencies of f meas = 7GHz and f ref = 3 GHz corresponding to the dashed lines in Fig. 3(a) are shown. These frequencies will be used in the spin-pumping measurements, see Fig. 4 . The red curve in Fig. 3(b) shows two Lorentz-shaped transmission minima corresponding to the FMR absorption of the short-type rectangles. The magnetizations of short and long rectangles are aligned parallel in the first minimum and antiparallel in the second. The blue curve detected at 3GHz shows a background signal and resembles the red curve except for the transmission minima. Subtracting the blue from the red curve clears the transmission minima from this measurement background.
V. SPIN-PUMPING MEASUREMENTS
Measurements to detect the pumped spin current I S as a voltage drop V at the interface D are performed at the frequencies f meas = 7 GHz and f ref = 3 GHz. A voltmeter is connected to the detector electrode and the normal metal strip, see Fig. 1 and Fig. 2 . Field sweeps are performed and for each field step, both, the voltage V and the transmission T through the CPW are measured. Note that the transmission signal is caused by the entire ensemble of rectangles, whereas V originates from the single spin valve in the center of the CPW.
Measurements are shown in Fig. 4 . The measured voltage V is plotted as blue circles, the light gray curve shows the transmission T , and the black curve is a fit to the voltage data. Figures 4(a)-4(d) show subsequent field up-and down-sweeps In each graph in Fig. 4 two peaks in the nonlocal voltage V are visible. The arrow pairs near each peak show the corresponding magnetization alignment of the electrode pairs. At the first extremum counted from left in Fig. 4(a) and Fig. 4(c) , both magnetizations of short and long electrode are aligned parallel. Because F I switches its magnetization direction at 7 mT, while F D keeps its former magnetization direction until 40 mT, the second peak corresponds to an antiparallel magnetization configuration. Figures 4(b) and 4(d) show down-sweeps of the magnetic field. In this case the right peak corresponds to a parallel alignment and the second to an antiparallel alignment.
At first glance one observes that at external fields where the injector electrode is at resonance ( T drops, gray curve), also a nonlocal voltage is detected (blue dots and black fit). In each measurement both voltage extrema are positive. This is counterintuitive since the nonlocal voltage should change sign changing the magnetization configuration from parallel to antiparallel, compare Refs. 5, [8] [9] [10] [11] . One of the peaks should be positive, the other negative. However, a more detailed analysis reveals that the peaks differ in their amplitude. In each of the four measurements, the nonlocal voltage V for parallel alignment is smaller than for antiparallel alignment.
VI. DISCUSSION
In the following we give an interpretation of the experimental findings. The voltage signal consists of three parts, compare Fig. 5 . The first voltage contribution creates the nonzero background. This constant offset voltage V off is caused by frequency-dependent inductive and capacitive coupling. Note that the plotted voltage is the difference of the two voltages corresponding to the frequencies f meas and f ref . The rf excitation fields corresponding to the two frequencies induce different voltages in the loop formed by the contacted spin valve. Thus, the subtraction of voltages for both frequencies creates the constant offset V off . This first voltage contribution does not depend on the magnetization dynamics of the electrodes, i.e., whether they are at resonance or not, nor on the magnetic configuration, i.e., if the electrodes are aligned parallel or antiparallel, and also not on the static external field. Hence, V off is constant for the entire measurement and is not important for considerations regarding the spin current and the corresponding nonlocal voltage.
The second contribution to the voltage signal creates the dominating positive peaks V Q , see Fig. 5 . Since the voltage signals coincide with the FMR minima of the short injector type rectangles, this voltage contribution depends on the dynamics of the injector electrode. When the electrode is at resonance the damping of the magnetization precession dissipates energy and generates heat Q. The silver strip forms a thermal bridge and heats up the interface D , see Fig. 1 . The gold voltage connections are located far away from the heat source, as schematically indicated in Fig. 1 , and are at a lower temperature than the interface D . Between the connections and D are two different metals, the permalloy detector electrode and the silver strip. Effectively, the detecting side of the spin valve depicted in Fig. 1 forms a thermocouple, resembling the devices in the S Ag = 1.51 μVK −1 , the temperature rise of the injector equals T ≈ 3 mK, using V = (S Py − S Ag ) T , in good agreement with Ref. 31 . Note that based on the experimental data, we can not exclude that a stray field-induced voltage contributes to V Q , caused by the precessing magnetization of the injector electrode at resonance. With symmetrical devices this issue could be analyzed in more detail.
The third voltage contribution causes the difference between the peaks in parallel and antiparallel magnetization configuration. We relate this voltage V sp to the spin current I s created at the injector interface I due to spin pumping when the injector electrode is at resonance. 33 As in a conventional lateral spin valve the potential difference at the interface D should change its sign when going from parallel to antiparallel configuration and vice versa. This is exactly what the measurements show: In the parallel case V sp is negative and the total voltage is lowered. When changing the magnetic configuration to the antiparallel alignment V sp becomes positive and increases the total voltage. The peak differences are determined from the fit parameters and are stated in Figs. 4(a)-4(d) . From these four values the mean of 2 V sp = (10.3 ± 1.6) nV is calculated. To support our interpretation this value is compared to an estimation based on the work of Brataas et al.. 24 Equation (1) is used to deduce the exponentially decaying spin accumulation μ at a distance L away from the injector interface.
As the spin relaxation length we use λ N = √ D N τ N = 564 nm with the diffusion constant D N = 0.0221 m 2 s −1 and τ N = 14 ps. 34 The reduction factor η = τ i /τ N = 1.97 can be calculated using τ i = L/(D N ω) 27 where ω = 2πf meas is the resonance frequency. For L = 860 nm we use the center-tocenter distance of the electrodes. With a cone angle of 6
• the spin accumulation equals μ = 5.5 × 10 −27 J. Considering the analytical description of conventional nonlocal spin valves, and a spin polarization of α F = 0.35, 35 this yields a voltage difference of 2V sp = α F μ/e = 12 nV between the parallel and antiparallel alignment in accordance with the experimental value of 10 nV.
VII. CONCLUSION
We presented lateral spin-valve measurements where spin pumping generates the spin current. In our devices it is possible to directly detect the spin current injected into the normal metal with a second ferromagnet. The well known magnetization dynamics of the spin valve's electrodes 26, 30 enabled us to interpret the voltage signals. The introduction of three voltage contributions explains the measurement signals. The contribution that depends on the magnetization alignment of the electrodes senses the pumped spin current. In the measurements we found a voltage difference of 10 nV between parallel and antiparallel configuration in good agreement with a theoretical estimation of 12 nV. In future studies it would be interesting to support the findings with measurements on the dependence of the voltage on the distance between the electrodes. Furthermore, one could nullify the heat offset and at the same time double the spin-pumping signal by symmetrization of the spin-valve device. Also, the integration of a tunnel barrier into the detector interface should enhance the spin-dependent signal. 6, 9 
